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Chapter 1:
Introduction

1.1: ATLAS Overview

ATLAS provides general capabilities for physically-based two (2D) and three-dimensional
(3D) simulation of semiconductor devices. If you're new to ATLAS, read this chapter and Chapter 2:
“Getting Started with ATLAS” to understand how ATLAS works. Once you've read these chapters, you
can refer to the remaining chapters for a detailed understanding of the capabilities of each ATLAS
product.

Those who have used earlier versions of ATLAS may find it helpful to review the updated version
history in Appendix D: “ATLAS Version History”.

ATLAS is designed to be used with the VWF INTERACTIVE TOOLS. The VWF INTERACTIVE TOOLS are
DECKBUILD, TONYPLOT, DEVEDIT, MASKVIEWS, and OPTIMIZER. See their respective manuals on how
to use these products. See Section 1.3: “Using ATLAS With Other Silvaco Software” for more
information about using ATLAS with other Silvaco tools.

ATLAS is supplied with numerous examples that can be accessed through DECKBUILD. These
examples demonstrate most of ATLAS’s capabilities. The input files that are provided with the
examples are an excellent starting point for developing your own input files. To find out how to access
the example, see Chapter 2: “Getting Started with ATLAS”, Section 2.4: “Accessing The Examples”.

SILVACO, Inc. 1-1



ATLAS User’s Manual

1.2: Features And Capabilities of ATLAS

1.2.1: Comprehensive Set of Models

ATLAS provides a comprehensive set of physical models, including:

DC, AC small-signal, and full time-dependency.
Drift-diffusion transport models.

Energy balance and Hydrodynamic transport models.

Lattice heating and heatsinks.

Graded and abrupt heterojunctions.
Optoelectronic interactions with general ray tracing.
Amorphous and polycrystalline materials.
General circuit environments.

Stimulated emission and radiation

Fermi-Dirac and Boltzmann statistics.

Advanced mobility models.

Heavy doping effects.

Full acceptor and donor trap dynamics

Ohmic, Schottky, and insulating contacts.

SRH, radiative, Auger, and surface recombination.
Impact ionization (local and non-local).

Floating gates.

Band-to-band and Fowler-Nordheim tunneling.
Hot carrier injection.

Quantum transport models

Thermionic emission currents.

1.2.2: Fully Integrated Capabilities

ATLAS works well with other software from SILVACO. For example, ATLAS

Runs in the DECKBUILD interactive run-time environment.

Is interfaced to TONYPLOT, the interactive graphics and analysis package.
Accepts input from the ATHENA and SSUPREMS3 process simulators.

Is interfaced to UTMOST parameter extraction and device modeling software.
can be used in experiments with the VWF AUTOMATION TOOLS.

1.2.3: Sophisticated Numerical Implementation

ATLAS uses powerful numerical techniques, including:

Accurate and robust discretization techniques.

Gummel, Newton, and block-Newton nonlinear iteration strategies.
Efficient solvers, both direct and iterative, for linear subproblems.

Powerful initial guess strategies.

Small-signal calculation techniques that converge at all frequencies.

Stable and accurate time integration.

1-2
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1.3: Using ATLAS With Other Silvaco Software

ATLAS is best used with the VWF INTERACTIVE TOOLS. These include DECKBUILD, TONYPLOT,
DEVEDIT, MASKVIEWS, and OPTIMIZER. DECKBUILD provides an interactive run time environment.
TONYPLOT supplies scientific visualization capabilities. DEVEDIT is an interactive tool for structure
and mesh specification and refinement. MASKVIEWS is an IC Layout Editor. The OPTIMIZER supports
black box optimization across multiple simulators.

ATLAS, however, is often used with the ATHENA process simulator. ATHENA predicts the physical
structures that result from processing steps. The resulting physical structures are used as input by
ATLAS, which then predicts the electrical characteristics associated with specified bias conditions.
The combination of ATHENA and ATLAS makes it possible to determine the impact of process
parameters on device characteristics.

The electrical characteristics predicted by ATLAS can be used as input by the UTMOST device
characterization and SPICE modeling software. Compact models based on simulated device
characteristics can then be supplied to circuit designers for preliminary circuit design. Combining
ATHENA, ATLAS, UTMOST, and SMARTSPICE makes it possible to predict the impact of process
parameters on circuit characteristics.

ATLAS can also be used as one of the simulators within the VWF AUTOMATION TOOLS. VWF makes it
convenient to perform highly automated simulation-based experimentation. VWF is used in a way that
reflects experimental research and development procedures using split lots. It therefore links
simulation very closely to technology development, resulting in significantly increased benefits from
simulation use.
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1.4: The Nature Of Physically-Based Simulation

ATLAS is a physically-based device simulator. Physically-based device simulation is not a familiar
concept for all engineers. This section will briefly describe this type of simulation.

Physically-based device simulators predict the electrical characteristics that are associated with
specified physical structures and bias conditions. This is achieved by approximating the operation of a
device onto a two or three dimensional grid, consisting of a number of grid points called nodes. By
applying a set of differential equations, derived from Maxwell’s laws, onto this grid you can simulate
the transport of carriers through a structure. This means that the electrical performance of a device
can now be modeled in DC, AC or transient modes of operation.

There are three physically-based simulation. These are:

e It is predictive.

e It provides insight.

¢ It conveniently captures and visualizes theoretical knowledge.

Physically-based simulation is different from empirical modeling. The goal of empirical modeling is to
obtain analytic formulae that approximate existing data with good accuracy and minimum complexity.

Empirical models provide efficient approximation and interpolation. They do not provide insight, or
predictive capabilities, or encapsulation of theoretical knowledge.

Physically-based simulation has become very important for two reasons. One, it is almost always much
quicker and cheaper than performing experiments. Two, it provides information that is difficult or
impossible to measure.

The drawbacks of physically-based simulation are that all the relevant physics must be incorporated
into a simulator. Also, numerical procedures must be implemented to solve the associated equations.
These tasks have been taken care of for ATLAS users.

Those who use physically-based device simulation tools must specify the problem to be simulated. In
ATLAS, specify device simulation problems by defining:

¢ The physical structure to be simulated.
¢ The physical models to be used.
e The bias conditions for which electrical characteristics are to be simulated.

The subsequent chapters of this manual describe how to perform these steps.

1-4
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Chapter 2:
Getting Started with ATLAS

2.1: Overview

ATLAS is a physically-based two and three dimensional device simulator. It predicts the electrical
behavior of specified semiconductor structures and provides insight into the internal physical
mechanisms associated with device operation.

ATLAS can be used standalone or as a core tool in SILVACO’s VIRTUAL WAFER FAB simulation
environment. In the sequence of predicting the impact of process variables on circuit performance,
device simulation fits between process simulation and SPICE model extraction.

This chapter will show you how to use ATLAS effectively. It is a source of useful hints and advice. The
organization of topics parallels the steps that you go through to run the program. If you have used
earlier versions of ATLAS, you will still find this chapter useful because of the new version.

This chapter concentrates on the core functionality of ATLAS. If you’re primarily interested in the
specialized capabilities of a particular ATLAS tool, read this chapter first. Then, read the chapters
that describe the ATLAS tools you wish to use.
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2.2: ATLAS Inputs and Outputs

Figure 2-1 shows the types of information that flow in and out of ATLAS. Most ATLAS simulations use
two input files. The first input file is a text file that contains commands for ATLAS to execute. The
second input file is a structure file that defines the structure that will be simulated.

ATLAS produces three types of output files. The first type of output file is the run-time output, which
gives you the progress and the error and warning messages as the simulation proceeds. The second
type of output file is the log file, which stores all terminal voltages and currents from the device
analysis. The third type of output file is the solution file, which stores 2D and 3D data relating to the
values of solution variables within the device at a given bias point.

(Structure and
Mesh Editor)

Runtime Output

Log Files I

(Visualization
Tool)

Structure Files

0

ATLAS
Device Simulator

(Process Simulator)

Command File I

Solution Files

DeckBuild

(.

(Run Time Environment)

Figure 2-1: ATLAS Inputs and Outputs

2-2

SILVACO, Inc.



Getting Started with ATLAS

2.3: Modes of Operation

ATLAS is normally used in conjunction with the DECKBUILD run-time environment, which supports
both interactive and batch mode operation. We strongly recommend that you always run ATLAS
within DECKBUILD. In this section, we present the basic information you need to run ATLAS in
DECKBUILD. The DECKBUILD USER’S MANUAL provides a more detailed description of the features and
capabilities of DECKBUILD.

2.3.1: Interactive Mode With DeckBuild
To start ATLAS in DECKBUILD, type:
deckbuild -as

at the UNIX system command prompt. The command line option, -as, instructs DECKBUILD to start
ATLAS as the default simulator.

If you want to start from an existing input file, start DECKBUILD by typing:
deckbuild -as <input filename>

The run-time output shows the execution of each ATLAS command and includes error messages,
warnings, extracted parameters, and other important output for evaluating each ATLAS run. When
ATLAS runs in this mode, the run-time output is sent to the output section of the DeckBuild Window
and can be saved as needed. Therefore, you don’t need to save the run-time output explicitly. The
following command line, however, specifies the name of a file that will be used for storing the run-time
output.

deckbuild -as <input filename> -outfile <output filename>

In this case, the run-time output is sent to the output file and to the output section of the DeckBuild
Window.

2.3.2: Batch Mode With DeckBuild

To use DECKBUILD in a non-interactive or batch mode, add the -run parameter to the command that
invokes DECKBUILD. A prepared command file is required for running in batch mode. We advise you to
save the run-time output to a file, since error messages in the run-time output would otherwise be lost
when the batch job completes. For example:

deckbuild -run -as <input filename> -outfile <output filename>

Using this command requires a local X-Windows system to be running. The job runs inside a
DECKBUILD icon on the terminal and quits automatically when the ATLAS simulation is complete. You
can also run DECKBUILD using a remote display. For example:

deckbuild -run -as <input file> -outfile <output file> -display<hostname>:0.0

2.3.3: No Windows Batch Mode With DeckBuild

For completely non-X Windows operation of DECKBUILD, use the ~ascii parameter. For example:
deckbuild -run -ascii -as <input filename> -outfile <output filename>

This command directs DECKBUILD to run the ATLAS simulation without the DeckBuild Window or
icon. This is useful for remote execution without an X Windows emulator or for replacing UNIX-based
ATLAS runs within framework programs.

When using batch mode, use the UNIX command suffix, &, to detach the job from the current command
shell. To run a remote ATLAS simulation under DECKBUILD without display and then logout from the
system, use the UNIX command, nohup , before the DECKBUILD command line. For example:

nohup deckbuild -run -ascii -as <input filename> -outfile <output filename> &
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2.3.4: Running ATLAS inside Deckbuild
Each ATLAS run inside DECKBUILD should start with the line:

go atlas

A single input file may contain several ATLAS runs each separated with a go atlas line. Input files
within DECKBUILD may also contain runs from other programs such as ATHENA or DEVEDIT along
with the ATLAS runs.

Running a given version number of ATLAS

The go statement can be modified to provide parameters for the ATLAS run. To run version 5.14.0.R,
the syntax is:

go atlas simflags="-V 5.14.0.R"

Starting Parallel ATLAS

The -P option is used to set the number of processors to use in a parallel ATLAS run. If the number set
by -P is greater than the number of processors available or than the number of parallel thread
licenses, the number is automatically reduced to this cap number. To run on 4 processors, use:

go atlas simflags="-V 5.14.0.R -P 4"

2.3.5: Batch Mode Without DeckBuild

You can run ATLAS outside the DECKBUILD environment. But this isn’t recommended by SILVACO. If
you don’t want the overhead of the DeckBuild Window, use the No Windows Mode. Many important
features such as variable substitution, automatic interfacing to process simulation, and parameter
extraction are unavailable outside the DECKBUILD environment. To run ATLAS directly under UNIX,
use the command:

atlas <input filename>

To save the run-time output to a file, don’t use the UNIX redirect command (>). Simply specify the
name of the output file. For example:

atlas <input filename> -logfile <output filename>

Note: The standard examples supplied with ATLAS will not run correctly outside of DECKBUILD.

2.3.6: TMA Compatibility Mode

You can add the -TMA command line flag to the atlas command to direct the ATLAS simulator to
operate in TMA Compatibility Mode. In this mode, the default material models and parameters are

altered to closely agree with those of TMA’s Medici® simulator.

2.3.7: ISE Compatibility Mode

You can add the -ISE command line flag to the atlas command to direct the ATLAS simulator to
operate in ISE Compatibility Mode. In this mode, the default material models and parameters are

©

altered to closely agree with those of ISE’s Dessis™ simulator.
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2.4: Accessing The Examples

ATLAS has a library of standard examples that demonstrate how the program is used to simulate
different technologies. These examples are a good starting point for creating your own simulations.
The examples are accessed from the menu system in DECKBUILD. To select and load an example:

1. Start DECKBUILD with ATLAS as the simulator, which is described in the previous section.

2. Use left mouse button to pull down the Main Control menu.

3. Select Examples. An index will then appear in a Deckbuild Examples Window (see Figure 2-2).

o

Deckbuild: Examples

Index r) Section r)

L3N

Index

1 MOS 1 : MOS Application Examples

2 MOS2 ; Advanced MOS Application Examples

3 BJT: Bipobr Application Examples

4 DIODE : Dinde Application Examples

& S0I; Application Exampies

& EPROM : Application Examples

7 LATCHUP : CMOES Latchup Application Examples
8 ESD : ESD Application Examples

9 POWER : Power Device Application Examples

10 ISOLATION : IEOLATION Applications Examples
11 MESFET : Application Examples

12 HBT : HBT Application Examples

13 HEMT: HEMT Application Examples

14 QUANTUM : Device Smulation with Quantum Mechanics

15 FASTATLAS : FastATLAS MESFET and HEMT Application Examples

Figure 2-2: Examples Index in DeckBuild

The examples are divided by technology or technology group. For instance, the most common
technologies are individually listed (e.g., MOS are under BJT), while others are grouped with similar
devices (e.g., IGBT and LDMOS are under POWER, and solar cell and photodiode are under
OPTOELECTRONICS).

4. Choose the technology by double clicking the left mouse button over that item. A list of examples
for that technology will appear. These examples typically illustrate different devices, applications,
or types of simulation.

You can also search for an example by selecting the Index button. Wildcards can be used in the

search.

SILVACO, Inc.
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5. Choose a particular example by double clicking the left mouse button over that item in the list. A

text description of the example will appear in the window. This text describes the important
physical mechanisms in the simulation and the details of the ATLAS syntax used. You should read
this information before proceeding.

Press the Load example button. The input command file for the example will be copied into your
current working directory together with any associated files. A copy of the command file will be
loaded into DECKBUILD. Note that the Load example button remains faded out until this step is
performed correctly.

Press the run button in the middle frame of the DECKBUILD application window to run the
example. Alternatively, most examples are supplied with results that are copied into the current
working directory along with the input file. To view the results, select (highlight) the name of the
results file and select Tools-Plot. See the TONYPLOT USER’S MANUAL for details on using
TONYPLOT.

2-6
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2.5: The ATLAS Syntax

An ATLAS command file is a list of commands for ATLAS to execute. This list is stored as an ASCII
text file that can be prepared in DECKBUILD or in any text editor. Preparing an input file in

DECKBUILD is preferred. You can create an input file by using the DeckBuild Commands menu in the
DeckBuild Window.

2.5.1: Statements and Parameters

The input file contains a sequence of statements. Each statement consists of a keyword that identifies
the statement and a set of parameters. The general format is:

<STATEMENT> <PARAMETER>=<VALUE>

With a few exceptions, the input syntax is not case sensitive. One important exception is that
commands described in this manual as being executed by DECKBUILD rather than ATLAS are case
sensitive. These include EXTRACT, SET, GO, and SYSTEM. Also, filenames for input and output under
UNIX are case sensitive.

For any <STATEMENT>, ATLAS may have four different types for the <VALUE> parameter. These are:
Real, Integer, Character, and Logical.

An example of a statement line is:
DOPING UNIFORM N.TYPE CONCENTRATION=1.0el6 REGION=1 OUTFILE=my.dop

The statement is DOPING. All other items are parameters of the DOPING statement. UNIFORM and
N.TYPE are Logical parameters. Their presence on the line sets their values to true. Otherwise, they
take their default values (usually false). CONCENTRATION is a Real parameter and takes floating
point numbers as input values. REGION is an Integer parameter taking only integer numbers as input.
OUTFILE is a Character parameter type taking strings as input.

The statement keyword must come first but the order of parameters within a statement is
unimportant.

You only need to use enough letters of any parameter to distinguish it from any other parameter on the
same statement. Thus, CONCENTRATION can be shortened to CONC. REGION. It can’t be shortened to R,
however, since there’s a parameter called RATTO associated with the DOPING statement.

You can set logical parameters to false by preceding them with the ~ symbol. Any line beginning
with a # is ignored. These lines are used as comments.

ATLAS can read up to 256 characters on one line. But it is better to spread long input statements over
several lines to make the input file more readable. The \ character at the end of a line indicates
continuation.

For more information about statements and parameters in ATLAS, see Chapter 21: “Statements”.

2.5.2: The Order of ATLAS Commands

The order in which statements occur in an ATLAS input file is important. There are five groups of
statements that must occur in the correct order (see Figure 2-3). Otherwise, an error message will
appear, which may cause incorrect operation or termination of the program. For example, if the
material parameters or models are set in the wrong order, then they may not be used in the
calculations.

The order of statements within the mesh definition, structural definition, and solution groups is also
important. Otherwise, it may also cause incorrect operation or termination of the program.
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Group Statements

MESH
REGION
ELECTRODE
DOPING

1. Structure Specification

MATERIAL
MODELS
CONTACT
INTERFACE

2. Material Models Specification

3. Numerical Method Selection —— METHOD

LOG
SOLVE
LOAD
SAVE

4. Solution Specification

(3

. Results Analysis EXTRACT
TONYPLOT

Figure 2-3: ATLAS Command Groups with the Primary Statements in each Group

2.5.3: The DeckBuild Command Menu

The DeckBuild Command Menu (Command Menu) can help you to create input files. This menu is
found under the Commands button on DECKBUILD’s main screen. The Commands Menu is configured
for ATLAS whenever ATLAS is the currently active simulator in DECKBUILD. When ATLAS is active,
which is indicated in the lower bar of the DeckBuild Window, an ATLAS command prompt will appear
in the DECKBUILD output section.

The Command Menu gives you access to pop-up windows where you type information. When you select
the Write button, syntactically correct statements are written to the DECKBUILD text edit region. The
DeckBuild Command Menu does not support all possible ATLAS syntax, but aims to cover the most
commonly used commands.

2.5.4: PISCES-II Quick Start

This section is a quickstart for those who may be familiar with the syntax and use of the Stanford
University PISCES-II program or other device simulators derived from this program.

The major differences between ATLAS and PISCES-II are:

e all graphics are handled by a separate interactive graphics program, TONYPLOT. By using
TONYPLOT, you no longer need to run the device simulator simply to plot or alter graphics.

* no need to separate individual ATLAS simulations into separate input files. Multiple runs of
ATLAS are possible in the same input file separated by the line go atlas. There’s also no need to
separate process and device simulation runs of SILVACO products into separate input files. A
single file containing ATHENA and ATLAS syntax is permitted in DECKBUILD.

¢ the interface from process to device simulation is handled though a single file format compatible
with other programs. The file read by ATLAS is the default output file format of ATHENA. No
special file format for the interface is required.

¢ when defining a grid structure within ATLAS, the NODE and LOCATION syntax to define exact grid
line numbers in X and Y is not recommended. A more reliable and easier to use syntax using
LOCATION and SPACING is available.
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e using the REGRID command is not recommended due to the creation of obtuse triangles. A
standalone program, such as DEVEDIT, can be used as a grid pre-processor for ATLAS.

¢ all numerical method selection commands and parameters are on the METHOD statement. The
SYMBOLIC statement is not used. Historically, SYMBOLIC and METHOD were used as a coupled pair of
statements, but it is more convenient to use a single statement (METHOD) instead. Most of the old
parameters of the SYMBOLIC statement have the same meaning and names, despite this move to a
single statement. One notable change in ATLAS is that you can combine numerical methods
together.

See the “Pisces-II Compatibility” section on page 2-49 for more information concerning the
translation of PISCES-II numerics statements.

e various general purpose commands are actually part of the DECKBUILD user environment. These
include SET, EXTRACT, GO, SYSTEM, and SOURCE. These commands can be interspersed inside
ATLAS syntax.

e Variable substitution is supported for both numerical and string variables using the SET statement
and the $ symbol. To avoid confusion, the # symbol is preferred over the $ symbol for comment
statements.

In addition to these changes, the physical models are generally different in ATLAS. Most of the
original PISCES-II models have been preserved but often are not the default or the recommended
models to use. See the on-line examples for technology specific information about models.
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2.6: Defining A Structure
There are three ways to define a device structure in ATLAS.

The first way is to read an existing structure from a file. The structure is created either by an earlier
ATLAS run or another program such as ATHENA or DEVEDIT. A MESH statement loads in the mesh,
geometry, electrode positions, and doping of the structure. For example:

MESH INFILE=<filename>

The second way is to use the Automatic Interface feature from DECKBUILD to transfer the input
structure from ATHENA or DEVEDIT.

The third way is create a structure by using the ATLAS command language. See Chapter 21:
“Statements” for more information about the ATLAS syntax.

2.6.1: Interface From ATHENA

When ATHENA and ATLAS are run under DECKBUILD, you can take advantage of an automatic
interface between the two programs. Perform the following steps to load the complete mesh, geometry,

and doping from ATHENA to ATLAS.
1. Deposit and pattern electrode material in ATHENA.

2. Use the ELECTRODE statement in ATHENA to define contact positions. Specify the X and Y
coordinates as cross-hairs to pin-point a region. The whole region is then turned into electrode. In
many cases, only the X coordinate is needed. For example:

ELECTRODE NAME=gate X=1.3 [Y=-0.1])
There is a special case to specify a contact on the bottom of the structure. For example:

ELECTRODE NAME=substrate BACKSIDE

3. Save a structure file while ATHENA is still the active simulator. For example:
STRUCTURE OUTF=nmos.str

4. Start ATLAS with the go atlas command written in the same input deck. This will automatically
load the most recent structure from ATHENA into ATLAS.

If you need to load the structure saved in step 4 into ATLAS without using the auto-interface
capability, use the MESH command. For example:

MESH INF=nmos.str

ATLAS inherits the grid used most recently by ATHENA. With a careful choice of initial mesh or by
using the grid manipulation techniques in ATHENA, you can produce a final mesh from ATHENA
that will give good results in ATLAS. But, a grid that is appropriate for process simulation isn’t always
appropriate for device simulation. If the final ATHENA mesh is inappropriate for ATLAS, use either
DEVEDIT to re-mesh the structure or the REGRID command.

Note: There’s no need to specify a MESH command in ATLAS when using the Automatic Interface of Deckbuild.
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2.6.2: Interface From DevEdit

A 2D or 3D structure created by DEVEDIT can be read into ATLAS using the following statement.
MESH INF=<structure filename>

This statement loads in the mesh, geometry, electrode positions, and doping of the structure. ATLAS
will automatically determine whether the mesh is 2D for S-PISCES or BLAZE, or 3D for DEVICE3D
or BLAZE3D.

If the structure coming from DEVEDIT were originally created by ATHENA, then define the electrodes
in ATHENA as described in the previous section. If the structure is created in DEVEDIT, the electrode
regions should be defined in the Region/Add region menu of DEVEDIT.

2.6.3: Using The Command Language To Define A Structure

To define a device through the ATLAS command language, you must first define a mesh. This mesh or
grid covers the physical simulation domain. The mesh is defined by a series of horizontal and vertical
lines and the spacing between them. Then, regions within this mesh are allocated to different
materials as required to construct the device. For example, the specification of a MOS device requires
the specification of silicon and silicon dioxide regions. After the regions are defined, the location of
electrodes is specified. The final step is to specify the doping in each region.

When using the command language to define a structure, the information described in the following
four sub-sections must be specified in the order listed.

Specifying The Initial Mesh
The first statement must be:
MESH SPACE.MULT=<VALUE>
This is followed by a series of X.MESH and Y .MESH statements.

X.MESH LOCATION=<VALUE> SPACING=<VALUE>

Y.MESH LOCATION=<VALUE> SPACING=<VALUE>

The SPACE.MULT parameter value is used as a scaling factor for the mesh created by the X.MESH and
Y.MESH statements. The default value is 1. Values greater than 1 will create a globally coarser mesh
for fast simulation. Values less than 1 will create a globally finer mesh for increased accuracy. The
X.MESH and Y.MESH statements are used to specify the locations in microns of vertical and horizontal
lines, respectively, together with the vertical or horizontal spacing associated with that line. You must
specify at least two mesh lines for each direction. ATLAS automatically inserts any new lines required
to allow for gradual transitions in the spacing values between any adjacent lines. The X.MESH and
Y.MESH statements must be listed in the order of increasing x and y. Both negative and positive values
of x and y are allowed.

Figure 2-4 illustrates how these statements work. On the left hand plot, note how the spacing of the
vertical lines varies from 1 uym at x=0 and x=10 pm to 0.5 um at x=5 um. On the right hand plot, note
how specifying the SPACE.MULT parameter to have a value of 0.5 has doubled the density of the mesh
in both the X and Y directions.

You can specify the PERIODIC parameter on the MESH statement to mean that the structure and mesh
are periodic in the x direction.

SILVACO, Inc. 2-11



ATLAS User’s Manual

= TonyPlot ¥2.2.1 i
(m) (Tools w) (Print v ) { Propertiss v ) (m) D
ATLAS ATLAS
Non—uniform Mesh Creation using ATLAS syiax SPAL Parameter Effect on Mesh Creation.

] KM LOC=00 SPAG=110 ] MESH SPAC=03
44 M LOC=00 SPAC=05 44 THEN SANE STNTAX A5 MESH O LEFT
] KM LOC=10. 5PAG=110 ]
- =
E E
e el
5 o 5 o
= ] =
=
. o
: =
g_f ]
A RS R RS AN EERE RRRL EEAY ERR RN \_|\|\|\|H| |RARAREAS ERRS RN
2 3 4 B 7 8 1 2 4 B 7 8 9
Microns Microns
L SILVACO International 1994

Figure 2-4: Non-uniform Mesh Creation using ATLAS Syntax

After an initial mesh has been defined, you can remove grid lines in specified regions. This is typically
done in regions of the device where a coarse grid is expected to be sufficient such as the substrate. The
removal of grid lines is accomplished using the ELIMINATE statement. The ELIMINATE statement
removes every second mesh line in the specified direction from within a specified rectangle. For
example, the statement:

ELIMINATE COLUMNS X.MIN=0 X.MAX=4 Y.MIN=0.0 Y.MAX=3

removes every second vertical grid line within the rectangle bounded by x=0, x=4, y=0 and y=3
microns.

Specifying Regions And Materials

Once the mesh is specified, every part of it must be assigned a material type. This is done with REGTON
statements. For example:

REGION number=<integer> <material_type> <position parameters>

Region numbers must start at 1 and are increased for each subsequent region statement. You can have
up to 200 different regions in ATLAS. A large number of materials is available. If a composition-
dependent material type is defined, the x and y composition fractions can also be specified in the
REGION statement.

The position parameters are specified in microns using the X.MIN, X.MAX, Y.MIN, and Y.MAX
parameters. If the position parameters of a new statement overlap those of a previous REGION
statement, the overlapped area is assigned as the material type of the new region. Make sure that
materials are assigned to all mesh points in the structure. If this isn’t done, error messages will appear
and ATLAS won’t run successfully.

You can use the MATERIAL statement to specify the material properties of the defined regions. But you
must complete the entire mesh and doping definition before any MATERIAL statements can be used.
The specification of material properties is described in Section 2.7.2: “Specifying Material Properties”.

2-12 SILVACO, Inc.



Getting Started with ATLAS

Cylindrical Coordinates

Cylindrical coordinates are often used when simulating discrete power devices. In this mode, ATLAS
operates with x=0 as the axis of symmetry around which the cylindrical geometry is placed. Many of
the default units change when cylindrical coordinates are used. The calculated current is in Amps
rather than the usual Amps per micron. External elements are specified in absolute units (e.g., Farads,
not Farads/micron for capacitors).

The MESH statement must be used to specify cylindrical symmetry. The following statement creates a
mesh, which contains cylindrical symmetry.

MESH NX=20 NY=20 CYLINDRICAL
There are 20 mesh nodes along the X axis and 20 mesh nodes along the Y axis.
The following statement imports a mesh, which contains cylindrical symmetry.

MESH INF=meshO.str CYLINDRICAL

Note: The CYLINDRICAL parameter setting isn’t stored in mesh files. Therefore, this parameter must be specified each time
a mesh file, which contains cylindrical symmetry, is loaded.

Specifying Electrodes

Once you have specified the regions and materials, define at least one electrode that contacts a
semiconductor material. This is done with the ELECTRODE statement. For example:

ELECTRODE NAME=<electrode name> <position_parameters>

You can specify up to 50 electrodes. The position parameters are specified in microns using the X.MIN,
X.MAX, Y.MIN, and Y.MAX parameters. Multiple electrode statements may have the same electrode
name. Nodes that are associated with the same electrode name are treated as being electrically
connected.

Some shortcuts can be used when defining the location of an electrode. If no Y coordinate parameters
are specified, the electrode is assumed to be located on the top of the structure. You also can use the
RIGHT, LEFT, TOPF, and BOTTOM parameters to define the location. For example:

ELECTRODE NAME=SOURCE LEFT LENGTH=0.5

specifies the source electrode starts at the top left corner of the structure and extends to the right for
the distance LENGTH.

Specifying Doping

You can specify analytical doping distributions or have ATLAS read in profiles that come from either
process simulation or experiment. You specify the doping using the DOPING statement. For example:

DOPING <distribution_type> <dopant_type> <position_parameters>
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Analytical Doping Profiles

Analytical doping profiles can have uniform, gaussian, or complementary error function forms. The
parameters defining the analytical distribution are specified in the DOPING statement. Two examples
are shown below with their combined effect shown in Figure 2-5.

DOPING UNIFORM CONCENTRATION=1El6 N.TYPE REGION=1

DOPING GAUSSIAN CONCENTRATION=1E18 CHARACTERISTIC=0.05 P.TYPE \
X.LEFT=0.0 X.RIGHT=1.0 PEAK=0.1

The first DOPING statement specifies a uniform n-type doping density of 106 ¢cm™ in the region that
was previously labelled as region #1. The position parameters X.MIN, X.MAX, Y.MIN, and Y.MAX can be
used instead of a region number.

The second DOPING statement specifies a p-type Gaussian profile (see Equation 21-3) with a peak
concentration of 1018 cm™. This statement specifies that the peak doping is located along a line from x
= 0 to x = 1 microns. Perpendicular to the peak line, the doping drops off according to a Gaussian
distribution with a standard deviation of (0.05/ /2 ) pm. At x < 0 or x > 1, the doping drops off laterally

with a default standard deviation that is (70/ /2 )% of CHARACTERISTIC. This lateral roll-off can be
altered with the RATIO.LATERAL parameter. If a Gaussian profile is being added to an area that was
already defined with the opposite dopant type, you can use the JUNCTION parameter to specify the
position of the junction depth instead of specifying the standard deviation using the CHARACTERISTIC
parameter.
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Figure 2-5: Analytical specification of a 2D Profile
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The other analytical doping profile available is the complementary error function. This is defined as

erfc(z) = %ﬂjm exp(—yz)dy 2-1

V4

where the z variable is the distance scaled by the characteristic distance defined by the CHAR
parameter.

The following example show DOPING statements that use this analytical form.

DOPING ERFC N.TYPE PEAK=0.5 JUNCTION=1.0 CONC=1.0E19 X.MIN=0.25 \
X.MAX=0.75 RATIO.LAT=0.3 ERFC.LAT
DOPING P.TYPE CONC=1E18 UNIFORM

This sets up a donor profile with a peak concentration of 1.0E19 cm™ at X = 0.5 microns. The CHAR
parameter, which determines the rate of change of the doping level with distance, is not directly set on
the DOPING profile. Instead, it is calculated so that the net doping level at the position given by the

3

JUNCTION parameter is zero. In this example, the acceptor concentration is 1.0x 1018 em- everywhere

and so we require a donor density of 1.0x10'® cm™ at a position of 1 micron to create the p-n junction
there. The value of CHAR is calculated from the formula

erfc([JTUNCTION — PEAK]/CHAR) = 0./ 2-2
which results in a value of CHAR of approximately 0.43 microns.
Additionally, the donor concentration falls off in the lateral direction outside the range of 0.25 to 0.75

microns. The lateral falloff parameter is defined to be 0.3 times the principal falloff parameter and
has the shape of the complementary error function.

Importing 1D SSUPREM3 Doping Profiles

One-dimensional doping profiles can be read into ATLAS from a SSUPREMS3 output file. The doping
data must have been saved from SSUPREMS3 using the statement:

STRUCTURE OUTFILE=<output filename>
at the end of the SSUPREMS3 run.

In ATLAS, the MASTER parameter of the DOPING statement specifies that a SSUPREMS3 file will be
read by ATLAS. Since this file will usually contain all the dopants from the SSUPREMS simulation,
the desired dopant type must also be specified. For example, the statement:

DOPING MASTER INFILE=mydata.dat BORON REGION=1

specifies that the boron profile from the file mydata.dat should be imported and used in region #1.
SSUPREMS3 profiles are imported into ATLAS one at a time (i.e., one DOPING statement is used for
each profile or dopant). The statements:

DOPING MASTER INFILE=mydata.dat BORON OUTFILE=doping.dat
DOPING MASTER INFILE=mydata.dat ARSENIC X.RIGHT=0.8 RATIO=0.75
DOPING MASTER INFILE=mydata.dat ARSENIC X.LEFT=2.2 RATIO=0.75

offset the arsenic doping from boron to create a 2D doping profile from a single SSUPREMS3 result.

It is advisable to include the OUTFILE parameter on the first DOPING statement to create a 2D3D
doping file. This file will then be used in the next section to interpolate doping on a refined mesh after
a REGRID. This file, however, can’t be plotted in TONYPLOT. The position parameters and the
RATIO.LATERAL parameter are used in the same manner as for analytical doping profiles to set the
extent of the 1D profile.
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2.6.4: Automatic Meshing (Auto-meshing) Using The Command Language

Automatic meshing provides a simpler method for defining device structures and meshs than the
standard method described in Section 2.6.3: “Using The Command Language To Define A Structure”.
Auto-meshing is particularly suited for epitaxial structures, especially device structures with many
layers (for example, a VCSEL device). Auto-meshing unburdens you from the delicate bookkeeping
involved in ensuring that the locations of mesh lines in the Y direction are consistently aligned with
the edges of regions. This is done by specifying the locations of Y mesh lines in the REGION statements.
The following sections will show how auto-meshing is done, using a few simple examples.

Specifying The Mesh And Regions

In the first example, we use a simple device to show you the fundamental concepts of auto-meshing.
The first statements in this example are as follows:

MESH AUTO
X.MESH LOCATION=-1.0 SPACING=0.1
X.MESH LOCATION=1.0 SPACING=0.1

These statements are similar to the ones used in the standard method that described a mesh using the
command language as shown in Section 2.6.3: “Using The Command Language To Define A
Structure”. There are, however, two key differences. The first difference is the inclusion of the AUTO
parameter in the MESH statement. You need this parameter to indicate that you want to use auto-
meshing. The second and more important difference is that in this example we will not specify any
Y.MESH statements. This is because the locations of Y mesh lines will be automatically determined by
the parameters of the REGION statements.

You can still specify one or more Y.MESH statements. Such defined mesh lines will be included in the
mesh. But including Y.MESH statements is optional in auto-meshing.

In the next few statements of the example, we will show you several new concepts that will explain
how auto-meshing works. The following four lines describe the regions in the example device:

REGION TOP THICKNESS=0.02 MATERIAL=GaN NY=5 DONOR=1E16

REGION BOTTOM THICKNESS=0.1 MATERIAL=AlGaN NY=5 DONOR=1E17 X.COMP=0.2
REGION TOP THICKNESS=0.08 MATERIAL=AlGaN NY=4 ACCEPTOR=1E17 X.COMP=0.2
REGION BOTTOM THICKNESS=0.5 MATERIAL=AlGaN NY=10 DONOR=1E18 X.COMP=0.2

New Concepts

First, it appears that composition and doping are being specified in the REGION statement. This is the
case for the DONOR, ACCEPTOR, X.COMPOSITION and Y.COMPOSITION parameters in the REGION
statement that specify uniform doping or composition or both over the specified region. These
parameters are also available to the standard methods described in Section 2.6.3: “Using The
Command Language To Define A Structure”, but are more amenable to specification of epitaxial
structures such as we are describing in this example.

Next, you should notice several other new parameters. These are the TOP, BOTTOM, THICKNESS and NY
parameters. All of these are used to describe the relative locations and thicknesses of the layers as well
as the locations of the Y mesh lines. The most intuitive of these parameters is the THICKNESS
parameter, which describes the thickness in microns, in the Y direction of each layer. As for the extent
in the X direction, in the absence of any specified X.MIN or X.MAX parameters, it is assumed that the
region extends over the full range of the X mesh described above in the X.MESH statements.

The NY parameter describes how many Y mesh lines are contained in the region so that the Y mesh
lines are evenly spaced over the region. You can use the SY parameter instead of NY to specify the
spacing in microns between Y mesh lines in the region. Make sure the value of SY does not exceed the
value of THICKNESS. Generally, the relationship between Sy, NY and THICKNESS can be expressed by
the following:
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SY = THICKNESS/NY

Figure 2-6 shows the meanings of the TOP and BOTTOM parameters.
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Figure 2-6: Simple Example of Auto-meshing Showing Sequence of Structure Development.

This figure shows a progression of representations of how the structure’s mesh and region outlines
appear after each REGION statement. This figure should give you an intuitive feel of how the regions
are alternately placed on the top or bottom of the structure according to the specification of the TOP or
BOTTOM parameters. It is important to keep in mind that the ATLAS coordinate convention for the Y
axis is that positive Y is directed down into the device. This is similar to using the ToP and BOTTOM
parameters of the ELECTRODE statement.

One thing you might notice in this figure is that the number of Y mesh lines in each region does not
always match the number specified. This is because at each interface between regions, the Y mesh line
spacing is ambiguously defined and the auto-meshing algorithm will always pick the smaller spacing
between the two at each interface. Then, the spacing between Y mesh lines varies continuously
between subsequent interfaces in a similar way as it does for mesh spacings specified by the LOCATION
and SPACING parameters in the X.MESH and Y.MESH statements.

The auto-meshing algorithm maintains the "notion" of the current Y locations of the "top" and
"bottom". Let’s call these locations "Ytop" and "Ybottom".
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Before any REGION statements are processed, "Ytop" and "Ybottom" are both defined to be equal to
zero. As the REGION statements are processed, the following cases are addressed:

e If you place the region on the top, as specified by the TOP parameter, the region will extend from
"Ytop" to "Ytop"-THICKNESS (remember positive Y points down) and "Ytop" will move to the
new location "Ytop"-THICKNESS.

e Ifyou place the region on the bottom, as specified by the BOTTOM parameter, the region will extend
from "Ybottom" to "Ybottom"+THICKNESS and "Ybottom" will move to the new location
"Ybottom"+THICKNESS.

The auto-meshing algorithm will ensure that all regions are perfectly aligned to their neighboring
regions and there are no inconsistencies between the locations of Y mesh lines and the region edges
that they resolve.

Non-uniformity In The X Direction and Auto-meshing

In some cases, you may want to define a device with material discontinuities in the X direction. Such
discontinuities may represent etched mesa structures or oxide apertures. There are a couple of ways to
do this in auto-meshing. For example, you want to etch out a region from the structure of the previous
example, from X=0 to the right and from Y=0 to the top. You can add the statement

REGION MATERIAL=Air X.MIN=0.0 Y.MAX=0.0

In this statement, we are not using the auto-meshing features but are using syntax of the standard
meshing methods described in Section 2.6.3: “Using The Command Language To Define A Structure”.
ATLAS supports mixing the standard syntax with auto-meshing but be careful when doing this as we
will explain shortly. Figure 2-7 shows the resulting structure and mesh after adding this statement.
In this figure, we see that we have obtained the desired result.
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Figure 2-7: Structure Etch Example in Auto-meshing
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The potential pitfall in using absolute Y coordinates in auto-meshing is that the location you choose,
for example, by summing up thicknesses may not match the location your computer has calculated
with its inherent numerical imprecision. The result is not only that the resulting structure may not
exactly match what you desire. More importantly, you may end up accidently creating a mesh with Y
mesh lines closely spaced (usually in the order of the machine precision). This can cause numerical
instability (poor convergence) and can overflow or underflow in certain models. What’s worse is that
this situation is difficult to detect.

There is, however, one situation where we can absolutely predict the location of an edge or Y mesh line.
That is at Y=0. This is exactly what we have done in our example. So if you want to use auto-meshing
with specifications of an absolute value of Y, then arrange your device structure so that the
specification of Y will be at zero.

This also applies to the location of a recessed electrode. Make sure it is located at Y=0 if you are using
auto-meshing.

There is another method of providing for discontinuities in material in the X direction that is
absolutely safe from the previously discussed problems. In this approach, we use another parameter
called STAY in the REGION statement in conjunction with the TOP or BOTTOM parameters.

The following describes the effect of the STAY parameter in the REGION statement.

e If you place the region on the top, as specified by the TOP parameter, and the STAY parameter is
specified, the region will extend from "Ytop" to "Ytop"-THICKNESS and "Ytop" will remain in its
current position.

e If you place the region on the bottom, as specified by the BOTTOM parameter, and the STAY
parameter is specified, the region will extend from "Ybottom" to "Ybottom"+THICKNESS and
"Ybottom" will remain in its current position.

The use of the STAY parameter can best be illustrated by the following example. In this example, we
will reproduce the same structure discussed in the last example but this time using only STAY
parameters and by not using any specification of absolute Y coordinates. The new REGION
specifications are as follows:

REGION BOTTOM THICKNESS=0.1 MATERIAL=AlGaN NY=5 DONOR=1E17 X.COMP=0.2
REGION BOTTOM THICKNESS=0.5 MATERIAL=AlGaN NY=10 DONOR=1E18 X.COMP=0.2
REGION TOP STAY THICKNESS=0.02 MATERIAL=GaN NY=5 DONOR=1E16
REGION TOP THICKNESS=0.02 MATERIAL=Air NY=5 X.MIN=0.0
REGION TOP STAY THICKNESS=0.08 MATERIAL=AlGaN NY=4 ACCEPTOR=1El7 X.COMP=0.2
REGION TOP THICKNESS=0.08 MATERIAL=Air NY=4 X.MIN=0.0

In this example, we slightly rearranged the REGION statements for clarity and split one region into
two. Figure 2-8 shows the results.
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Figure 2-8: Structure Etching Example Using The STAY Parameter

The following describes the operation of the STAY parameter in this example:

The STAY parameter in the third REGION statement means that the fourth REGION will start at the
same Y coordinate as the third.

Since the THICKNESS and NY parameters are the same in the third and fourth regions, they will
have the same range of Y values and the same Y mesh.

The specification of X.MIN in the fourth REGION statement means that the region will not
completely overlap the third region but will only overlap to a minimum X value of 0.

The lack of a STAY parameter in the fourth REGION statement means that the fifth region will lie
directly atop the third and fourth regions.

The STAY parameter in the fifth REGION statement means that the sixth REGION will start at the
same Y coordinate as the fifth.

Since the THICKNESS and NY parameters are the same in the fifth and sixth regions, they will have
the same range of Y values and the same Y mesh.

The specification of X.MIN in the sixth REGION statement means that the region will not completely
overlap the fifth region but will only overlap to a minimum X value of 0.

As you can see, using the STAY parameter carefully avoids the problems of specifying values of Y
coordinates and the potential problems involved. By doing so, you can specify arbitrary stepped
structures.
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Grading of Composition and Doping

We have provided another method for specifying composition or doping or both in the REGION
statement that is available for both auto-meshing and meshing using the standard method described
in Section 2.6.3: “Using The Command Language To Define A Structure”. This method allows linear
grading of rectangular regions. Eight new parameters of the REGION statement support this function.
They are ND.TOP, ND.BOTTOM, NA.TOP, NA.BOTTOM, COMPX.TOP, COMPX.BOTTOM, COMPY.TOP, and
COMPY.BOTTOM. In the syntax of these parameter names, "TOP" refers to the "top" or extreme Y
coordinate in the negative Y direction, and "BOTTOM" refers to the "bottom" or extreme Y coordinate in
the positive Y direction. With this in mind, the following rules apply:

e If you specify ND.TOP and ND.BOTTOM in a REGION statement, the donor doping in the region will
vary linearly from the value specified by ND.TOP at the "top" of the device to the value specified by
ND.BOTTOM at the "bottom" of the device.

¢ Ifyou specify NA.TOP and NA.BOTTOM in a REGION statement, the acceptor doping in the region will
vary linearly from the value specified by NA.TOP at the "top" of the device to the value specified by
NA.BOTTOM at the "bottom" of the device.

e Ifyou specify COMPX.TOP and COMPX.BOTTOM in a REGION statement, the X composition fraction in
the region will vary linearly from the value specified by COMPX. TOP at the "top" of the device to the
value specified by COMPX . BOTTOM at the "bottom" of the device.

e If you specify COMPY.TOP and COMPY . BOTTOM in a REGION statement, the Y composition fraction in
the region will vary linearly from the value specified by COMPY . TOP at the "top" of the device to the
value specified by COMPY . BOTTOM at the "bottom" of the device.

Note: Any subsequent DOPING statements will add to the doping specified by the doping related parameters on the REGION
statement.
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Superlattices and Distributed Bragg Reflectors DBRs

For auto-meshing, we have provided a convenient way of specifying a certain class of superlattices or
as they are commonly used distributed Bragg reflectors (DBRs). This class of superlattice includes any
superlattice that can be described as integer numbers of repetitions of two different layers. By
different, we mean that the two layers may have different thicknesses, material compositions, or
dopings, or all. These "conglomerate" structures are specified by the DBR or SUPERLATTICE statement.
Actually, SUPERLATTICE is a synonym for DBR. Therefore in the following discussion, we will use the
DBR syntax and recognize that SUPERLATTICE and DER can be used interchangeably.

Most of the syntax of the DBR statement is similar to the syntax of the REGION statement, except the
syntax is set up to describe two regions (or two sets of regions). As you will see, we differentiate these
regions (or sets of regions) by the indices 1 and 2 in the parameter’s name.

The following example should make this concept clear.

MESH AUTO
X.MESH LOCATION=-1.0 SPACING=0.1
X.MESH LOCATION=1.0 SPACING=0.1

DBR TOP LAYERS=4 THICK1=0.1l THICK2=0.2 N1=2 N2=3 MAT1=GaAs MAT2=AlGaAs \
X2 .COMP=0.4

DBR BOTTOM LAYERS=3 THICK1=0.05 THICK2=0.075 N1=3 N2=3 MAT1=AlGaAs \
MAT2=GaAs X1.COMP=0.4

In this example, we can see we are using auto-meshing because of the appearance of the AUTO
parameter in the MESH statement. The DBER statements should be familiar since the functionality and
syntax are similar to the REGION statement. We will not discuss those similarities here. We will only
discuss the important differences. For more information about the similarities, see Chapter 21:
“Statements” .

The main new parameter is the LAYERS parameter. This parameter specifies the total number of
regions added. The region indexed "1" is always added first, then the region indexed "2" is added, and
depending on the value of L.AYERS, the sequence of regions continues 1, 2, 1, 2, 1, ...

Figure 2-9 shows the functionality of the DBR statement, which gives the resulting structure and mesh
from the example.
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Figure 2-9: Supperlattice Example Structure

2.6.5: Modifying Imported Regions

If you import a device structure from a file using the INFILE parameter of the MESH statement, you
may want to modify some of the characteristics of one or more of the regions in the structure. To do
this, specify a REGION statement with the MODIFY parameter and the NUMBER or NAME parameter
assigned to the region number of interest. You can specify/respecify any of the following REGION
statement parameters: STRAIN, WELL.CNBS, WELL.VNBS, WELL.GAIN, POLAR.SCALE, QWELL, LED,
WELL.FIELD, and POLARIZATION.

2.6.6: Remeshing Using The Command Language

It can be difficult to define a suitable grid when specifying a structure with the command language.
The main problem is that the meshes required to resolve 2D doping profiles and curved junctions are
quite complicated. Simple rectangular meshes require an excessive number of nodes to resolve such
profiles. If a device structure only includes regions of uniform doping, then there’s usually no need to
regrid. But when realistic 2D doping profiles are present, a regrid may be necessary.

Note: The recommended solution for defining complex mesh structures for ATLAS is to use the standalone program,
DEVEDIT.
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Regrid On Doping

ATLAS includes a regridding capability that generates a fine mesh only in a localized region. You
specify a quantity on which the regrid is to be performed. The mesh is then refined in regions where
the specified quantity varies rapidly. Whenever a specified quantity (usually doping) changes quickly,
the regridding will automatically grade the mesh accordingly. You can get a regrid on doping before
any solutions are obtained. You can do this by using the statement:

REGRID LOGARITHM DOPING RATIO=2 SMOOTH.KEY=4 DOPFILE=<filenamel> \
OUTFILE=<filename2>

This statement must be used after the MESH, REGION, MATERIAL, ELECTRODE, and DOPING statements
described previously. The effects of this REGRID statement on a simple diode structure are shown in
Figure 2-10.
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Figure 2-10: Regrid on doping provides improved resolution of junction
In this statement, the regridding will resolve doping profiles to two orders of magnitude in change.

The doping file, filenamel, must be specified in the first DOPING statement with the OUTFILE
parameter. The results of the regrid are saved in the file, filename2. The SMOOTH.KEY parameter value
selects a smoothing algorithm. A value of 4 is typically best as this algorithm tends to produce the
fewest obtuse triangles. For a complete description of the various smoothing algorithms, see Chapter
20: “Numerical Techniques”.
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Regrid Using Solution Variables

The REGRID statement can use a wide range of solution variables as the basis for mesh refinement. A
regrid on solution variables can only be used after a solution has been obtained. After a regrid on a
solution variable, the solution must be re-solved at the same bias in ATLAS.

For example:

REGRID POTENTIAL RATIO=0.2 MAX.LEVEL=1 SMOOTH.K=4 DOPFILE=<filenamel>
SOLVE PREV

Regrid on potential is often used for high voltage power devices.

Note: You can use the REGRID statement any number of times on a structure. But we advise you to quit and restart ATLAS
between regrids on electrical quantities. You can use the go atlas statement to do this. This should be followed by a MESH
statement, loading the output file of the REGRID command, and a re-setting of all material and model parameters.

2.6.7: Specifying 2D Circular Structures

In some situations, it may be desirable to construct a device with a circular cross section. This is
possible by using DEVEDIT and by using the MESH statement in the ATLAS command language. Make
sure to put the MESH statement first in the input deck and specify the CTRCULAR parameter.

The radial mesh spacing is then given by a series of R.MESH statements and the angular mesh given by
a series of A.MESH statements. The angles are specified in degrees between 0 and 360.

For example

MESH CIRCULAR

.MESH LOC=0.0 SPAC=0.05
.MESH LOC=0.2 SPAC=0.05
.MESH LOC=0.35 SPAC=0.025
.MESH LOC=0.39 SPAC=0.01
.MESH LOC=0.4 SPAC=0.01

2ol s s B

A.MESH LOC=0 SPAC=30
A.MESH LOC=360 SPAC=30

would create a circular mesh with major angular spacing of 30° and a radial spacing, which is
relatively coarse near to the origin and becomes finer towards the edge of the device.

The angular spacing defines a set of major spokes radiating out from the origin with the number of
elements between each spoke increasing with distance from the origin. The mesh spacing may be
irregular, although a regular mesh spacing suffices for most problems.

The spacing in the radial direction will in general be irregular. This can result in the creation of obtuse
elements, particularly if the spacing decreases rapidly with increasing radius. The MINOBTUSE
parameter on the MESH statement deploys an algorithm to reduce the occurence of obtuse elements,
particularly obtuse boundary elements. It is set to true by default, but you can clear it by using the
syntax "MINOBTUSE.

For some device structures, you can reduce the size of the solution domain by using symmetry
arguments. ATLAS allows you to create a wedge shaped device by using the MAXANGLE parameter.

For example
MESH CIRCULAR MAXANGLE=150

would create a circular wedge with an angle at the origin of 150°.
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Note: MAXANGLE should not exceed 180°.

Once a circular mesh has been created, it may be subdivided into regions using the R.MIN, R.MAX,
A.MIN and A.MAX parameters on the REGION statement.

R.MINis the inner radius of the region. R.MAX is the outer radius of the region. Both are in the units of
microns. A.MIN and A.MAX define the minimum and maximum angular limits of the region
respectively, both in degrees.

For example

REGION NUM=1 MATERIAL=SILICON A.MIN=0 A.MAX=360.0 R.MAX=0.4
REGION NUM=2 MATERIAL=OXIDE A.MIN=30 A.MAX=150.0 R.MIN=0.35 R.MAX=0.4

will enforce the area between angular limits of 30 and 150 degrees and radial limits of 0.35 and 0.4
microns to be an oxide region, and the rest of the mesh defined above to be a silicon region.

Similarly, the ELECTRODE and DOPING statements have R.MIN, R.MAX, A.MIN, and A.MAX parameters.
Support for doping of circular meshes is extended from that described in Section 2.6.3: “Using The
Command Language To Define A Structure” to allow analytical doping profiles in the radial direction
(UNIFORM, GAUSS, ERFC) with optional lateral fall off in the angular (i.e., at constant radius) direction.
The lateral falloff is GAUSSIAN unless ERFC.LAT is specified to change it to the complementary error
function. The usual parameters for specifying the analytical profile apply with the principal direction
being the radial direction.

If you set MAX.ANGLE to 180° and add the following lines, you will obtain the structure as shown in
Figure 2-11.

ELECTRODE NAME=DRAIN R.MIN=0.35 A.MIN=0.0 A.MAX=30.0
ELECTRODE NAME=SOURCE R.MIN=0.35 A.MIN=150.0 A.MAX=180.0
ELECTRODE NAME=GATE A.MIN=60.0 A.MAX=120.0 R.MIN=0.39 R.MAX=0.4

If you further add the DOPING statement below, then you will obtain the doping profile as shown in
Figure 2-12.

DOPING GAUSS N.TYPE CONC=1.0el9 CHAR=0.05 R.MIN=0.15 R.MAX=0.2 A.MIN=0.0
A.MAX=180.0
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ATLAS

Semi-circular device structure
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Figure 2-11: Semi-circular structure created using ATLAS command syntax.
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ATLAS

Gaussian Doping profile in Semicircular Device
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Figure 2-12: Gaussian doping profile applied to the semi-circular structure of Figure 2-11.

Note: To obtain the best results, align region and electrode boundaries with existing meshlines (radial or major spokes).
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2.6.8: Specifying 3D Structures

The syntax for forming 3D device structures is an extension of the 2D syntax described in the previous
section. The MESH statement should appear as:

MESH THREE.D

The THREE.D parameter tells ATLAS that a three dimensional grid will be specified. The other
statements used to specify 3D structures and grids are the same as for 2D with the addition of Z
direction specifications. The statements:

MESH THREE.D

.MESH LOCATION=0 SPACING=0.15
.MESH LOCATION=3 SPACING=0.15
.MESH LOCATION=0 SPACING=0.01
.MESH LOCATION=0.4 SPACING=0.01
.MESH LOCATION=3 SPACING=0.5
.MESH LOCATION=0 SPACING=0.1
.MESH LOCATION=3 SPACING=0.1

N N KKK XX

define a 3D mesh that is uniform in the X and Z directions and varies in the Y direction.

Position parameters for the Z direction (z.MIN and Z.MAX) are also used on REGION, ELECTRODE, or
DOPING statements.

2.6.9: Specifying 3D Cylindrical Structures

As mentioned in Section 2.6.3: “Using The Command Language To Define A Structure”, you can model
a quasi-3D cylindrical structure in ATLAS2D by specifying the CYLINDRICAL parameter on the MESH
statement. This has the drawback that the resulting device structure and solution has no dependence
on the angle around the axis of rotation. In ATLAS3D, the CYL.INDRICAL parameter enables you to
create a general cylindrical structure. The MESH statement must appear as:

MESH THREE.D CYLINDRICAL
where the THREE. D parameter informs the simulator to create a fully 3D mesh.

When specifying the CYLINDRICAL parameter, you must now specify the structure in terms of radius,
angle, and cartesian Z coordinates.

There are three mesh statements analogous to those used for general structures that are used to
specify mesh in radius, angle and Z directions. The R.MESH statement is used to specify radial mesh.
The A.MESH statement is used to specify angular mesh. The z.MESH statement is used to specify mesh
in the Z direction.

For example:
MESH THREE.D CYLINDRICAL
R.MESH LOCATION=0.0 SPACING=0.0004

R.MESH LOCATION=0.0028 SPACINg=0.00005
R.MESH LOCATION=0.004 SPACING=0.0002

A.MESH LOCATION=0 SPACING=45
A.MESH LOCATION=360 SPACING=45

Z.MESH LOCATION=-0.011 SPACING=0.001
Z.MESH LOCATION=0.011 SPACING=0.001

Here, the R.MESH lines are similar to the familiar X.MESH, Y.MESH, and Z.MESH except the R.MESH
locations and spacings are radial relative to the Z axis in microns.
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The locations and spacings on the A.MESH lines specify locations and spacings in degrees of rotation
about the Z axis. The z.MESH lines are exactly the same as have been already discussed.

For 3D cylindrical structure, specifying the REGION and ELECTRODE statements also are modified to
allow specification of ranges in terms of radius, angle and z location. The range parameters are R .MIN,
R.MAX, A.MIN, A.MAX, Z.MIN and Z.MAX. R.MIN, R.MAX, Z.MIN and Z.MAX are all in units of microns.
A.MIN and A.MAX are in degrees.

To continue the example, we will specify a surround gate nano-tube as follows:

REGION NUM=1 MATERIAL=silicon \
Z.MIN=-0.1 Z.MAX=0.1 A.MIN=0 A.MAX=360.0 R.MAX=0.0028

REGION NUM=2 MATERIAL=oxide \
R.MIN=0.0028 R.MAX=0.004 Z.MIN=-0.011] Z.MAX=0.011] A.MIN=0 A.MAX=360.0

ELECTRODE NAME=DRAIN Z.MIN=-0.011 Z.MAX=-0.01] R.MAX=0.0028
ELECTRODE NAME=SOURCE Z.MIN=0.01 Z.MAX=0.011 R.MAX=0.0028

ELECTRODE NAME=GATE Z.MIN=-0.004 Z.MAX=0.004 R.MIN=0.0038 MATERIAL=aluminum

Here, we defined a central core of silicon surrounded by an oxide cladding. The device has a
surrounding gate with a source and drain at either end.

Figure 2-13 shows a cutplane normal to the Z axis at z=0 for this device.
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Figure 2-13: Cutplane of 3D Cylindrical Simulation
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In some instances, you can reduce the size of the cylindrical device by using symmetry arguments. So
if the device has mirror symmetry about some plane through its axis of rotation, it suffices to model
only half of the cylinder. You can tell the simulator to do this by using the parameter MAX.ANGLE,
which restricts the angular extent of mesh.

For example:
MESH THREE.D CYLINDRICAL MAX.ANGLE=180
will result in a semi-cylinder.

The value of MAX.ANGLE should not be greater than 180° and must satisfy the condition that the
angular range of the device must start and end on major spokes of the radial mesh. In other words,
MAX .ANGLE must be equal to a integral multiple of angular mesh spacing. For example, if the angular
mesh spacing was 45°, then MAX.ANGLE can be 45, 90, 135 or 180°. ATLAS will automatically adjust
the value of MAX.ANGLE if it is necessary.

If the mesh spacing in the radial direction is regular, then the resulting mesh will usually have no
obtuse elements. If the mesh spacing in the radial direction decreases with increasing radius, then it
is possible that some obtuse triangular elements will be formed. Use the parameter MINOBTUSE to try
to reduce the number of obtuse triangular elements.

The DOPING statement has been modified to accept the parameters R.MIN, R.MAX, A.MIN and A.MAX.
These apply to the analytic doping PROFILES, namely UNIFORM, GAUSSIAN, and ERFC. R.MIN and R.MAX
specify the minimum and maximum radial extents in microns. A.MIN and A.MAX specify the minimum
and maximum angular extents in degrees. The principal direction for the GAUSSIAN and ERFC
dependence is the Z direction. Thus the usual DOPING parameters, such as CHAR, PEAK, DOSE, START
and JUNCTION all apply to the Z direction with R.MIN, R.MAX, A.MIN, A.MAX defining the extents at
which lateral fall off occurs.

The lateral fall-off in the radial and angular directions can be controlled by the LAT.CHAR or
RATIO.LAT parameters.

For example:

DOPING GAUSSIAN N.TYPE START=0.25 CONC=1.0el9 CHAR=0.2 LAT.CHAR=0.2 \
R.MIN=0.4 R.MAX=0.6 A.MIN=0.0 A.MAX=360

produces a gaussian doping profile in the Z direction, with a peak at Z=0.25 microns, and with a lateral
gaussian fall-off in the radial direction when it is outside a radius of between 0.4 and 0.6 microns.
Figure 2-14 shows the radial and angular distribution. Figure 2-15 shows the radial and z-variation.
The Z direction corresponds to the vertical direction on the cutplane.
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Figure 2-14: Cylindrical gaussian doping profile on a cutplane perpendicular to the Z axis.
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Figure 2-15: Cylindrical gaussian doping profile on a cutplane containing the Z axis.

2.6.10: Extracting 2D Circular Structures From 3D Cylindrical Structures

To simulate circular structures in 2D that are analogous to the 3D meshing described above, use the
cutplane feature in structure saving. To do this, specify the CUTPLANE and Z.CUTPLANE parameters of
the SAVE statement. The logical parameter CUTPLANE specifies that you are interested in outputting a
2D cutplane from a 3D structure. The Z.CUTPLANE specifies the Z coordinate value in microns of the
location where you want the cutplane.

For example, Figure 2-13 was generated by the following syntax:

SAVE CUTPLANE Z.CUTPLANE=0.0

SILVACO, Inc.
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2.6.11: General Comments Regarding Grids

Specifying a good grid is a crucial issue in device simulation but there is a trade-off between the
requirements of accuracy and numerical efficiency. Accuracy requires a fine grid that resolves the
structure in solutions. Numerical efficiency is greater when fewer grid points are used. The critical
areas to resolve are difficult to generalize because they depend on the technology and the transport
phenomena. The only generalization possible is that most critical areas tend to coincide with reverse-
biased metallurgical junctions. Typical critical areas are:

¢ High electric fields at the drain/channel junction in MOSFETSs
e The transverse electric field beneath the MOSFET gate

¢ Recombination effects around the emitter/base junction in BJTs
e Areas of high impact ionization

¢ Around heterojunctions in HBT’s and HEMTs.

The CPU time required to obtain a solution is typically proportional to N*, where N is the number of
nodes and o varies from 2 to 3 depending on the complexity of the problem. Thus, the most efficient
way is to allocate a fine grid only in critical areas and a coarser grid elsewhere.

The three most important factors to look for in any grid are:

¢ Ensure adequate mesh density in high field areas
¢ Avoid obtuse triangles in the current path or high field areas
¢ Avoid abrupt discontinuities in mesh density

For more information about grids, see Chapter 20: “Numerical Techniques”, Section 20.3: “Meshes”.

2.6.12: Maximum Numbers Of Nodes, Regions, and Electrodes

ATLAS sets some limits on the maximum number of grid nodes that can be used. But this shouldn’t be
viewed as a bottleneck to achieving simulation results. In the default version, 2D ATLAS simulations
have a maximum node limit of 100,000. 3D ATLAS simulations have an upper limit of 40,000,000
nodes with no more than 100,000 nodes in any one Z plane and a maximum number of Z planes of
2,000.

This limit is high enough that for almost all simulations of conventional devices, running out of nodes
is never an issue. For most 2D simulations, you can obtain accurate results with somewhere between
2,000 and 4,000 node points properly located in the structure.

If you exceed the node limits, error messages will appear and ATLAS will not run successfully. There
are two options to deal with this problem. The first option is to decrease the mesh density because
simulations with the maximum nodes take an extremely long time to complete. The second option is to
contact your local SILVACO office (support@silvaco.com).

A node point limitation below these values might be seen due to virtual memory constraints on your
hardware. For each simulation, ATLAS dynamically allocates the virtual memory. See the SILVACO
INSTALLATION GUIDE for information about virtual memory requirements. The virtual memory used by
the program depends on the number of nodes and on items, such as the models used and the number of
equations solved.

Also, there is a node limit for the number of nodes in the X or Y directions in 2D and 3D ATLAS. In the
standard version, this limit is 20,000 nodes. This is applicable to meshes defined in the ATLAS syntax
using X.MESH and Y.MESH statements.

The maximum number of regions defined in both 2D and 3D ATLAS is 1,000. The maximum number of
definable electrodes is 100. Again, if you need to include more than the maximum number of regions or
electrodes, contact your local SILVACO office (support@silvaco.com).
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2.6.13: Quadrilateral REGION Definition

In addition to the rectangular shaped regions, which we have considered so far, you can create regions
with sloping sides. Although it is possible to make complicated overall region shapes using rectangular
regions as building blocks, this task is made easier by being able to specify the co-ordinates of each of
the four corners of the REGION. To do this, use the P1.X, P1.Y, P2.X, P2.Y, P3.X, P3.Y, P4.X, and
P4.Y parameters on the REGION statement. Then, (P1.X, P1.Y) are the XY coordinates of the first
corner of the region and so on.

The region must lie entirely within the device limits as defined by the mesh. To obtain best results,
these corner coordinates must coincide with valid mesh points as created by the X.MESH and Y.MESH
statements.

Because the overall mesh shape will still be rectangular, you may need to use VACUUM regions as
padding to get a non-rectangular shaped device. Alternatively, use DEVEDIT to get a non-rectangular
overall device shape.

Example:

REGION NUMBER=3 MATERIAL=SILICON P1.X=0.0 P1.Y=1.0 P2.X=3.0 P2.Y=1.0 P3.X=3.5
P3.Y=2.5 P4.X=0.0 P4.Y=2.0

Table 2-1. Quadrilateral Shaped REGION Definition

Statement Parameter Type Default Units

REGION P1.X Real Microns
REGION Pl.Y Real Microns
REGION P2.X Real Microns
REGION P2.Y Real Microns
REGION P3.X Real Microns
REGION P3.Y Real Microns
REGION P4.X Real Microns
REGION P4.Y Real Microns
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2.7: Defining Material Parameters And Models

Once you define the mesh, geometry, and doping profiles, you can modify the characteristics of
electrodes, change the default material parameters, and choose which physical models ATLAS will use
during the device simulation. To accomplish these actions, use the CONTACT, MATERIAL, and MODELS
statements respectively. Impact ionization models can be enabled using the IMPACT statement.
Interface properties are set by using the INTERFACE statement.

Many parameters are accessible through the SILVACO C-INTERPRETER (SCI), which is described in
Appendix A: “C-Interpreter Functions”. This allows you to define customized equations for some
models. For more information about the INTERFACE and MODELS statements, see Chapter 21:
“Statements”, Sections 21.21: “INTERFACE” and 21.34: “MODELS”.

2.7.1: Specifying Contact Characteristics

Workfunction for Gates or Schottky Contacts

An electrode in contact with semiconductor material is assumed by default to be ohmic. If a work
function is defined, the electrode is treated as a Schottky contact. The CONTACT statement is used to
specify the metal workfunction of one or more electrodes. The NAME parameter is used to identify which
electrode will have its properties modified.

The WORKFUNCTION parameter sets the workfunction of the electrode. For example, the statement:
CONTACT NAME=gate WORKFUNCTION=4.8

sets the workfunction of the electrode named gate to 4.8eV. The workfunctions of several commonly
used contact materials can be specified using the name of the material. You can specify workfunctions
for ALUMINUM, N.POLYSILICON, P.POLYSILICON, TUNGSTEN, and TU.DISILICIDE in this way. The
following statement sets the workfunction for a n-type polysilicon gate contact.

CONTACT NAME=gate N.POLYSILICON

Aluminum contacts on heavily doped silicon is usually ohmic. For this situation, don’t specify a
workfunction. For example, MOS devices don’t specify:

CONTACT NAME=drain ALUMINUM /* wrong */

The CONTACT statement can also be used to specify barrier and dipole lowering of the Schottky barrier
height. To enable barrier